Enzymes belonging to the aspartase/fumarase superfamily catalyze elimination of various functional groups from succinate derivatives and play an important role in primary metabolism and aromatic compound degradation. Recently, an aspartase/fumarase superfamily enzyme, CreD, was discovered in cremeomycin biosynthesis. This enzyme catalyzes the elimination of nitrous acid from nitrosuccinate synthesized from aspartate by CreE, a flavin-dependent monooxygenase. Nitrous acid generated by this pathway is an important precursor of the diazo group of cremeomycin. CreD is the first aspartase/fumarase superfamily enzyme that was reported to catalyze the elimination of nitrous acid, and therefore we aimed to analyze its reaction mechanism. The crystal structure of CreD was determined by the molecular replacement native-single anomalous diffraction method at 2.18
Enzymes belonging to the aspartase/fumarase superfamily catalyze elimination of various functional groups from succinate derivatives and play an important role in primary metabolism and aromatic compound degradation. Recently, an aspartase/fumarase superfamily enzyme, CreD, was discovered in cremeomycin biosynthesis. This enzyme catalyzes the elimination of nitrous acid from nitrosuccinate synthesized from aspartate by CreE, a flavin-dependent monooxygenase. Nitrous acid generated by this pathway is an important precursor of the diazo group of cremeomycin. CreD is the first aspartase/fumarase superfamily enzyme that was reported to catalyze the elimination of nitrous acid, and therefore we aimed to analyze its reaction mechanism. The crystal structure of CreD was determined by the molecular replacement native-single anomalous diffraction method at 2. 18 A resolution. Subsequently, the CreD-fumarate complex structure was determined at 2. 30 A resolution by the soaking method. Similar to other aspartase/fumarase superfamily enzymes, the crystal structure of CreD was composed of three domains and formed a tetramer. Two molecules of fumarate were observed in one subunit of the CreD-fumarate complex. One of them was located in the active site pocket formed by three different subunits. Intriguingly, no histidine residue, which usually functions as a catalytic acid in aspartase/fumarase superfamily enzymes, was found around the fumarate molecule in the active site. Based on the mutational analysis, we propose a catalytic mechanism of CreD, in which Arg325 acts as a catalytic acid.
Introduction
The aspartase/fumarase superfamily is a class of enzymes catalyzing elimination of various functional groups from succinate derivatives ( Fig. 1 ) [1] . Many of them are involved in primary metabolism. For instance, fumarasecatalyzing dehydration of malate (Fig. 1A) is involved in the tricarboxylic acid cycle [2] [3] [4] , aspartase-catalyzing elimination of ammonia (Fig. 1A) is involved in the aspartate metabolism [5, 6] , and argininosuccinate lyase (ASL) (Fig. 1A) plays an important role in the urea cycle and arginine biosynthesis [7] . In addition, two reactions in the purine nucleotide biosynthesis pathway are catalyzed by adenylosuccinate lyase (ADSL) (Fig. 1A ) [8] [9] [10] [11] [12] . In some cases, aspartase/fumarase superfamily enzymes are also involved in the degradation of aromatic compounds.
3-Carboxy-cis,cis-muconate lactonizing enzyme (CMLE) is used in a bacterial protocatechuate degradation pathway (Fig. 1B) [13, 14] . One taxonspecific crystallin (d-crystallin) is an ASL homolog and also belongs to this family, although it functions as a major structural protein in the eye lens [15] .
The structures of aspartase/fumarase superfamily enzymes have been studied to uncover the reactions catalyzed by these enzymes. The crystal structures of fumarase [2] [3] [4] , aspartase [16] [17] [18] , CMLE [13, 14] , ADSL [8] [9] [10] [11] [12] 19, 20] , and ASL [6, [21] [22] [23] have been solved. All of them form a homotetramer and have three conserved regions named C1-C3 ( Fig. 2A ). These three regions from different subunits in the tetramer come together to form a single active site. The reaction mechanism of these enzymes has been proposed as follows (Fig. 1D) . First, a catalytic base abstracts a proton from the b-carbon of the substrate, resulting in the formation of an enzyme-stabilized enolate anion (aci-carboxylate) intermediate. Second, a catalytic acid donates a proton to stimulate the elimination of various functional groups (such as amino and hydroxyl groups) from the enolate anion intermediate. In general, the catalytic base and acid are believed to be a Ser in region C3 and a His in region C2, respectively, in aspartase/fumarase superfamily enzymes ( Fig. 2A ) [1] . The catalytic Ser is located in a loop called the SS loop or C3 loop containing the signature sequence GSSXXPXKXN [1, 12, 16, 18] (Fig. 2A) . The catalytic His forms a charge pair with Glu, which is located at the C terminus of region C3 and is highly conserved in fumarases, ASLs, d-crystallins, and ADSLs [1, 20] . However, this His residue is not completely conserved in aspartases and absent in CMLEs. Therefore, the amino acid residue that functions as a catalytic acid in these families is still ambiguous. We recently discovered a novel enzyme belonging to this family in the secondary metabolism pathway of Streptomyces cremeus. This enzyme, named CreD, catalyzes the elimination of nitrous acid from nitrosuccinate, which is synthesized from aspartate by a flavindependent monooxygenase, CreE (Fig. 1C) [24] . Nitrous acid generated by CreE and CreD is used to synthesize the diazo group of cremeomycin, which is an antibiotic with a diazoketone structure. Genes encoding CreD and CreE homologs often form an operon in various actinobacteria including Streptomyces, Kitazatospora, and Nocardia, suggesting that this pathway is used for the biosynthesis of some secondary metabolites in various actinobacteria. Indeed, FzmM and FzmL encoded by the fosfazinomycin biosynthesis gene cluster were identified to have the same catalytic activities as CreE and CreD, respectively [25] . Nitrous acid synthesized by them was predicted to be a source of the hydrazide moiety of fosfazinomycin.
Although aspartase/fumarase superfamily enzymes have been extensively studied, CreD is the first aspartase/fumarase superfamily enzyme that was reported to catalyze elimination of nitrous acid from nitrosuccinate. The chemical feature of the nitro group is different from that of the amino and hydroxy groups; the nitro group is bulkier and has a stronger electronwithdrawing property. In addition, nitrous acid is much more acidic compared with ammonia and water. Therefore, the reaction mechanism of CreD is likely to be somewhat different from the reaction mechanisms of other aspartase/fumarase superfamily enzymes. Another interesting feature of CreD is that its activity is apparently regulated by CreE [24] . CreD catalyzes nitrous acid elimination only when it immediately follows the CreE reaction in the same solution. Nitrous acid formation was not observed when CreD was added to the CreE reaction mixture after the consumption of NADPH, although nitrosuccinate, the substrate of CreD, had been generated [24] . In addition, no nitrous acid formation was observed when the CreE and CreD reactions were spatially separated by a dialysis membrane in a tube, although nitrosuccinate should be provided to the CreD reaction chamber from the CreE reaction chamber through the membrane [24] . The molecular mechanism of this CreEdependent CreD reaction is unknown. To obtain a clue to the molecular mechanism of the CreEdependent CreD reaction, as well as to uncover the mechanism of the nitrous acid elimination reaction, we solved the crystal structure of CreD in this study. We also performed site-directed mutagenesis of CreD based on the crystal structure.
Results

Alignment analysis of CreD and its homologs
Phylogenetic analysis of aspartase/fumarase superfamily enzymes revealed that CreD and its homologs, whose genes were discovered in the genome sequences of several Streptomyces species, are most closely related to CMLEs (Fig. 2B) , although amino acid sequence identities between these two groups are not so high (~40%). Enzymes belonging to the aspartase/fumarase superfamily possess three conserved regions, C1 (from Gly104 to Gly114 in CreD), C2 (from Gly151 to Thr162), and C3 (from Ala285 to Thr299) ( Fig. 2A) . Most of the amino acid residues in these regions are also conserved in CreD and CreD homologs. In region C3, CreD and its homologs contain Ser286, which could act as a catalytic base to abstract a b-proton [1] , and Lys292, which should be important for the interaction with an a-carboxylate moiety [1] . These residues seem to be involved in the nitrous acid elimination reaction. In contrast, His in region C2 and Glu at the C terminus of region C3, which are well conserved in the aspartase/fumarase superfamily enzymes, are substituted with Leu154 and Thr299, respectively, in CreD and CreD homologs ( Fig. 2A) . This His residue in region C2 acts as a catalytic acid to enhance the elimination reaction in most of the aspartase/fumarase superfamily enzymes. The absence of this His residue suggests that CreD should employ a different catalytic acid. Although a catalytic acid is crucial for activation of the nitro group of nitrosuccinate, we could not find any possible candidates for it from the alignment analysis.
Overall structure of CreD
To analyze the catalytic mechanism of CreD, we determined the crystal structure of CreD at 2.18
A resolution ( Table 1 ). The crystal structure of CreD shows similarities with aspartase/fumarase superfamily enzymes and is composed of three domains, D1 (residues 1-105), D2 (residues 106-374), and D3 (residues 375-461) (Fig. 3A-D) [8] . Secondary structure matching superpositions of CreD onto CMLE (PDB code: 1RE5) and ADSL (PDB code: 4NLE) give rootmean-square (rms) deviations of 1.80 A (for 419 Ca atoms) and 2.57 A (for 362 Ca atoms), respectively [8, 14] . The biological unit of CreD was analyzed by the size exclusion chromatography with inline multiangle light scattering (SEC-MALS) method, showing that the molecular weight (MW) of CreD was 228.5 kDa AE 1.2% in solution. The value was close to the theoretical MW of homotetramer, 203.0 kDa. This result suggests C2  C3   77  106 108  154  153  294  286 292 325 G S S X X P X X P X X X E K N SS-loop that CreD forms a homotetramer as other aspartase/fumarase superfamily enzymes (Fig. 3E ). Tetrameric CreD was easily found in the crystal lattice; each subunit in the tetrameric CreD is related to one another by crystallographic two-fold axes.
In addition to the substrate-free form, the crystal structure of the CreD-fumarate complex was determined at 2.30
A resolution (Table 1 ). The overall structure of the CreD-fumarate complex is nearly the same as the substrate-free form with the rms deviation of 0. 19 A for 435 Ca atoms. Two fumarate molecules are associated with each subunit of the CreD tetramer. Two fumarate-binding sites were reproducible in other crystals (Fig. 3E) . The distance between two fumarates is 36
A. The first fumarate is located at the active site (see below, Fig. 4A ) and the second is in a shallow pocket of the surface region of the CreD tetramer (Fig. 3E ). The second fumarate forms hydrogen bonds with Arg121, Arg124, and Arg185 (Fig. 4B) .
Structure of the active site
Similar to other aspartase/fumarase superfamily enzymes, the active site of CreD is formed by residues of three different subunits in the tetrameric CreD. For the following discussion, we focus on the active site composed of subunits A, B, and C (Figs 3E and 5). A clear electron density of fumarate was observed in the active site of the CreD-fumarate complex (Fig. 4A) . No significant conformational changes were observed upon fumarate binding except for Lys292 (subunit B); Lys292 was disordered in the substrate-free form (Fig. 5A ). In the CreD-fumarate complex, this residue was likely to be stabilized by the interaction with a carboxylate moiety of fumarate. The dynamics of the SS loop (residues 276-295, subunit B) seem to be high in both the forms and electron density for residues 279-292 and 280-289 of the SS loop was not observed in the fumarate-free and complex forms, respectively. Therefore, Ser286, which presumably acts as a catalytic base, could not be observed in the crystal structures of CreD. In the apo fumarase of Mycobacterium tuberculosis the SS loop is invisible, but it is visible in its substrate (L-marate)-and product (fumarate)-bound forms [26] . Furthermore, the SS loop is visible even in the apo forms of several aspartase/fumarase superfamily enzymes [4, 18, 23] . Thus, the visibility of the SS loop in the crystal structure varies among aspartase/fumarase superfamily enzymes.
Fumarate in the active site forms hydrogen bonds with Asn77 (subunit C), Lys292 (subunit B), and Asn294 (subunit B) (Figs 4A and 5A and B). Of the three residues, Lys292 and Asn294 are completely conserved in the aspartase/fumarase superfamily (Figs 2A and 6). In the crystal structure of a fumarase-fumarate complex [26] , the corresponding Lys and Asn residues form hydrogen bonds with fumarate. These two residues were also reported to interact with the acarboxylate moieties of substrates [1, 12, 26] . Therefore, we assume that the carboxylate group of fumarate that interacts with Lys292 and Asn294 corresponds to the a-carboxylate moiety of nitrosuccinate. Meanwhile, the carboxylate group that interacts with Asn77 is assumed to correspond to the b-carboxylate moiety of nitrosuccinate. Therefore, Asn77 may have a role to stabilize an enolate anion (aci-carboxylate) intermediate in a transition state in CreD (Fig. 1D) . Here it should be noted that the binding orientation of fumarate in the active site of CreD seems to be different from that of other members of aspartase/fumarase superfamily, although the function of conserved Lys and Asn, which are involved in the binding of the a-carboxylate moiety of the substrate, seems to be common among them (Fig. 5C ). When the structure of M. tuberculosis fumarase is superposed on that of CreD, the difference in the binding orientation of fumarate is apparent between them (Fig. 5C) . In both the structures, the conserved Lys and Asn bind to one carboxylate group of fumarate, but the binding mode of the other carboxylate group is completely different between them; Asn77 forms a hydrogen bond with the carboxylate group in CreD, while Thr106, Ser138, Ser139, and Ser319 form hydrogen bonds with it in the fumarase (Fig. 5C ).
As described above, CreD lacks the His residue that acts as a catalytic acid in many aspartase/fumarase superfamily enzymes (Fig. 2A) . Instead, Arg325 (subunit C) is located near the fumarate. The g amino group of Arg325 is 3.7 and 3.8
A away from a and b carbons of fumarate, respectively (Fig. 5B) . In addition, this residue is located at the opposite side of substrate binding pocket from the expected position of the SS loop that contains the putative catalytic base Ser286. Therefore, the position of Arg325 seems to be suitable for interacting with the nitro group as a catalytic acid, although Arg325 is located at a different position from that of the catalytic His of many aspartase/fumarase superfamily enzymes (Fig. 6 ). While Arg325 is not conserved in the ASLs, fumarases and aspartases, it is completely conserved among CreD homologs and CMLEs, and largely conserved among ADSLs ( Fig. 2A) . In ADSLs, the corresponding Arg residue was reported to interact with the N1 atom of the purine ring of adenylosuccinate [12] . It is noteworthy that the guanidyl group of the Arg residue of ADSL is oriented to a different direction from that of Arg325 of CreD (Fig. 6 ). In CMLEs, the corresponding Arg residue was suggested to stabilize the aci-carboxylate group in a transition state of the catalytic reaction [14] . However, the location of Arg325 in CreD seems not to be suitable for stabilization of the aci-carboxylate group because Arg325 is located closer to the a and b carbons of fumarate than the carboxylate group. It should be noted that the guanidyl group of the Arg residue of CMLE is oriented to the same direction as Arg325 of CreD (Fig. 6 ). According to this structural feature, we postulated that Arg325 should function as a catalytic acid that provides a proton to stimulate the nitrous acid elimination. In general, pK a of an Arg side chain is around 12 or higher in water [27, 28] . Therefore, Arg325 is unlikely to act as a catalytic acid without external effects. Arg325 (subunit C) forms hydrogen bonds with side chains of Gln108 (subunit C) and main chain of Ala195 (subunit C) (Fig. 7) . These interactions seem to be important for positioning the guanidyl group of Arg325 adjacent to the side chain of His237. Because His237 (subunit C) forms a hydrogen bond with Asp109 (subunit C), His237 is presumably stabilized as a cation. This cationic environment may lower the pK a of Arg325 in the catalytic pocket to enable it to act as a catalytic acid (see Discussion).
Site-directed mutagenesis of CreD
To elucidate the functions of amino acid residues located around the active site pocket, eight CreD mutants (N77A, D109N, D109V, H237A, S286A, K292A, N294A, and R325A) were generated and their activities were analyzed in vitro. Recombinant proteins of these mutants showed comparable circular dichroism (CD) spectra with the wild-type CreD, suggesting that the mutations introduced did not significantly affect the overall structure of CreD (Fig. 8) . Because no nitrous acid elimination reaction could be observed in the absence of CreE, we measured the relative activities of CreD mutants by analyzing the amount of nitrous acid synthesized from aspartate in the reaction mixture containing both CreE and CreD. N77A mutation slightly weakened the nitrous acid production (Fig. 9) . In contrast, D109N, D109V, H237A, S286A, K292A, N294A, and R325A mutants lost the activity to produce nitrous acid completely or almost completely, indicating the importance of these residues in the CreD reaction (see Discussion).
Discussion
In this study, we solved the crystal structure of CreD, the first aspartase/fumarase superfamily enzyme that was reported to catalyze the elimination of nitrous acid. Similar to other enzymes of this superfamily, CreD forms a homotetramer and its active site is composed of amino acid residues of three different subunits. Based on the results of site-directed mutagenesis experiments, we propose a mechanism for the nitrous acid elimination reaction catalyzed by CreD as follows (Fig. 10) . We illustrate the reaction in the active site composed of subunits A, B, and C as an example. First, Lys292 and Asn294 (subunit B) capture nitrosuccinate. Then Ser286 (subunit B) functions as a catalytic base to abstract a proton from the b-carbon, resulting in an aci-carboxylate intermediate. How this aci-carboxylate intermediate is stabilized in the active site pocket remains unclear because Asn77 (subunit C), which seems to interact with the b-carboxylate of nitrosuccinate (Fig. 5) , is not crucial for the elimination reaction (Fig. 9) . Finally, Arg325 (subunit C) acts as a catalytic acid and donates a proton to stimulate the elimination of nitrous acid from the enolate anion intermediate. Although we could not observe the electron density of Ser286 (subunit B), we believe that this residue should act as the catalytic base in analogy with other aspartase/fumarase superfamily enzymes [1] . This notion is supported by the observation that S286A mutation completely abolished the elimination reaction. To act as a catalytic base, the pK a of Ser286 should be perturbed. However, the mechanism of this perturbation remains unclear [1] . It was proposed to be established by backbone amides [12] or the b-carboxylate group of substrates [12] . In addition to these possibilities, the helix dipole caused by a helix near the active site (108-145, subunit C) may lower the pK a of Ser286 when it is located adjacent to the b carbon of the substrate.
According to the structure of the active site of CreD and the results of site-directed mutagenesis experiments, we propose that Arg325 (subunit C) should act as the catalytic acid. As mentioned above, pK a of an arginine side chain is around 12 or higher in water [27, 28] and the cationic environment caused by His237 (subunit C) probably lowers the pK a of Arg325 in the catalytic pocket to enable it to act as a catalytic acid. This notion is supported by the observation that H237A mutation completely abolished the elimination [26] , ADSL (2X75) [9] , and CMLE (1RE5) [14] . His187 of fumarase and His141 of ADSL function as a catalytic acid. These residues correspond to Leu154 of CreD. Arg301 of ADSL and Arg315 of CMLE correspond to Arg325 of CreD. Subunits A, B, and C are green, cyan, and magenta, respectively. Each molecule bound to the active site is shown in a ball and stick model. reaction. A similar mechanism for lowering the pK a of an Arg residue was proposed for the DNA cleavage catalyzed by Sin resolvase, a member of serine recombinase family [29] . In this reaction, Arg69 acts as a catalytic acid and the pK a of this residue was predicted to be lowered by the cationic environment caused by an adjacent Arg residue. In CreD, His237 is presumably stabilized as a cation by the hydrogen bond between His237 and Asp109. The D109N and D109V mutations almost abolished the elimination reaction, supporting the important role of Asp109 in stabilizing cationic state of His237. We discovered 502 operons encoding CreE and CreD homologs in the current NCBI genome database. Of the 502 CreD homologs, 501 conserve the Arg325-His237-Asp109 triad; only one exception is the CreD homolog of Nocardia brasiliensis strain FDAARGOS_352, in which the amino acid residue corresponds to His237 is substituted with Gln by a single transversion in the third letter of the codon. Thus, we propose that the ArgHis-Asp triad for the catalytic acid is one of the significant features of the nitrosuccinate lyase CreD.
In CMLEs, Arg325 was suggested to be responsible for aci-carboxylate intermediate stabilization [14] , although the active sites of CMLEs and CreD are very similar to each other (Fig. 6 ). In the structure of CreD, Arg325 was located away from the b-carboxylate group, suggesting that Arg325 is not involved in aci-carboxylate intermediate stabilization. Interestingly, His237, which presumably lowers the pK a of Arg325, and Asp109, which forms a hydrogen bond with His237, are also completely conserved in CMLEs (Fig. 2A) . Therefore, we speculate that the corresponding Arg in CMLEs, which lack the typical catalytic His in region C2, also acts as a catalytic acid. The common feature in CMLEs and CreD is that they catalyze the release of acid (carboxylic acid and nitrous acid, respectively).
Other aspartase/fumarase family enzymes that use His as a catalytic acid catalyze the release of more basic compounds such as water and ammonia. Thus, catalytic Arg325 may be a common feature for aspartase/fumarase family enzymes that catalyze the elimination of acidic functional groups. Meanwhile, an important difference in the amino acid residues around the active site pocket between CreD and CMLEs is Leu154 in CreD. Of the 502 CreD homologs described above, 501 conserve this Leu residue (only one exception is the CreD homolog of Streptomyces sp. WM4235, in which the Leu is substituted with Met), suggesting the importance of this residue for the formation of the active site pocket of CreD. This Leu residue is substituted with bulkier Trp or Arg in CMLEs (Fig. 2A) . The difference of this amino acid residue may be important for their substrate specificities. Phylogenetic analysis shows that CreD homologs are evolutionally related to CMLEs (Fig. 2B ). Taken together with our structural elucidation and site-directed mutagenesis, we propose that CreD homologs and CMLEs form a family of the aspartase/fumarase superfamily, which exploits an Arg as the catalytic acid, while most of the other aspartase/fumarase superfamily enzymes use a His as the catalytic acid (Fig. 2B) .
Throughout this manuscript, we describe the CreD reaction mechanism based on the idea that the reaction should proceed through the general acid-base catalysis mechanism proposed for many enzymes in aspartase/fumarase superfamily [1] , and that the nitro group of nitrosuccinate is eliminated as nitrous acid, not nitrite. However, we had obtained no experimental evidence that supports this idea at the beginning of this study. Particularly, the requirement of a catalytic acid was debatable, because conjugate base elimination reaction does not require high leaving group ability; without a catalytic acid, the nitro group of nitrosuccinate could be eliminated as nitrite. In fact, in the aspartase AspB from Bacillus sp. YM55-1, His188 in region C2, which corresponds to the conserved His believed to act as a catalytic acid, was shown not to play the role of a typical general catalytic acid; H188A mutant retained significant activity and showed an unchanged pH rate profile compared to that of the wild-type enzyme [30] . In addition, this His residue is substituted with Gln in some aspartases ( Fig. 2A) [1] . It is also not clear whether the amino group is released as ammonia or ammonium ion in aspartase [16] . In CreD, Arg325 was shown to be essential for the reaction, but this result did not necessarily prove the function of Arg325 as a catalytic acid. We could not exclude the possibility that Arg325 should be important for the substrate binding. However, the D109 mutation experiment demonstrated that this possibility was very low. If Arg325 were responsible only for substrate binding, D109N and D109V mutants could not affect the reaction rate because these mutations should not cause a significant structural change in the active site. In fact, D109N and D109V mutants almost completely lost the elimination activity, indicating that the negative charge at this position is crucial for the reaction. Therefore, we believe that Arg325 functions as a catalytic acid, and that the nitro group of nitrosuccinate is eliminated as nitrous acid.
As described in the Introduction, we are interested in the CreE-dependent CreD reaction. Our previous experiment showed that CreD could not catalyze nitrous acid elimination in the absence of active CreE, suggesting a physical interaction between CreE and CreD [24] . However, this interaction seems to be weak because we could not detect any interaction of them by gel filtration (data not shown). There are several aspartase/fumarase superfamily enzymes whose activity is allosterically regulated by small molecules, such as Mg
2+
, aspartate, and citrate [13, 31, 32] . However, to the best of our knowledge, there is no aspartase/fumarase superfamily enzyme that was reported to require a protein-protein interaction for its activity. Unfortunately, we could not obtain any clue to the direct evidence for the interaction between CreD and CreE from the structure of CreD. To show the direct evidence for this interaction and to elucidate the molecular mechanism of the CreE-dependent CreD reaction are our future challenges; the crystal structure of CreE should be required for it.
Aside from the catalytic mechanism of CreD, we discovered the second fumarate-binding site at the surface of D2 domain. Some fumarases have two substrate-or product-binding sites [33, 34] . In the crystal structure of fumarase C from Escherichia coli, the second binding site (called B-site, Fig. 11 ) locates near the active site (12 A away from it) and has been proposed to be important for transferring the substrate and product between the active site and solvent [33, 35] . In contrast, in the crystal structure of CreD, the second binding site locates far from the active site (Fig. 11) fumarase C. The second fumarate forms hydrogen bonds with Arg121, Arg124, and Arg185 in the crystal structure of CreD (Fig. 4B ). In addition, Arg120 locates in the immediate vicinity of fumarate and seems to have an important role in the fumarate-binding (Fig. 11) . We examined the conservation of these four residues among 502 CreD homologs described above. Arg120, Arg124, and Arg185 are not conserved in most CreD homologs, though Arg121 is relatively well conserved; 486 CreD homologs contain Arg121.
From these results, we think that the second fumaratebinding site should not have any biological function; fumarate binding to the second site seems to be rather artificial during crystallization.
In conclusion, the structural elucidation of CreD revealed the catalytic mechanism of the nitrosuccinate lyase and allowed discovery of a catalytic center acting as the catalytic acid, which is presumably used for the elimination of acidic functional groups including nitrous acid and carboxylic acid. Thus, this study expanded our knowledge of the diversity and catalytic potential of aspartase/fumarase superfamily enzymes.
Experimental procedures
Materials
Solvents and chemicals were purchased from Wako Chemicals (Tokyo, Japan), Kanto Chemical Corporation (Tokyo, Japan), Sigma-Aldrich (St. Louis, MO, USA), BD (Franklin lakes, NJ, USA), and Nacalai Tesque (Kyoto, Japan), unless noted otherwise. Oligonucleotide primers and restriction enzymes were purchased from Sigma-Aldrich and Takara Bio (Shiga, Japan), respectively. TB medium was prepared as follows. Yeast extract (24 g), tryptone (12 g), and glycerol (4 g) were dissolved in 900 mL of water. After autoclave, 100 mL of autoclaved phosphate buffer (0.17 M KH 2 PO 4 and 0.72 M K 2 HPO 4 ) was added.
Heterologous production and purification of CreD
The creD gene was amplified by PCR using primers CreD F and CreD R ( Table 2 ) and genomic DNA of S. cremeus as a template. The DNA fragment harboring creD was cloned into the NdeI and BamHI sites of pColdI, resulting in pColdI-creD. Precultured E. coli BL21(DE3) harboring pColdI-creD was inoculated into TB medium (500 mL) containing 100 lgÁmL À1 ampicillin and incubated at 37°C until 
Crystallization screening
The initial crystallization screening of CreD was performed using an automated protein crystallization and monitoring 
Crystal structure determination
Before X-ray diffraction experiments, crystals were flash-frozen using liquid nitrogen. No cryoprotectant was used in this study. For the initial phasing, diffraction data of No. 4, No. 3, and No. 87 crystals were collected at 95 K with an X-ray of wavelength 1.90 A at beamline PF BL-17A (KEK, Tsukuba, Japan). Data collection with an X-ray of wavelength 1.90 A enabled us to use anomalous effects of sulfur atoms for phasing [37] . The diffraction data were processed and scaled using the programs XDS and XSCALE, respectively [38] . The highest resolution of the diffraction data was determined with criteria of R merge < 0.50 and completeness larger than 90% in the highest resolution shell. Of the three types of crystal, the No. 3 crystal gave the best diffraction data at 2.70
A resolution. The crystal belonged to space group I222 with cell dimensions of a = 77.08, b = 98.94, and c = 125. 19 A. Assuming one CreD molecule in the asymmetric unit, the V m value was calculated as 2.35 A 3 ÁDa À1 . The initial phases of the No. 3 crystal were successfully obtained by the MR method using PHENIX.PHASER-MR [39] . In the MR analysis, a subunit (chain A) of CMLE from Pseudomonas putida (PpCMLE; PDB ID 1RE5) [14] was used as a search model. CreD shows 39% amino acid sequence identity to PpCMLE. After obtaining the initial phases, improved phases were obtained by the MR native-single anomalous diffraction (SAD) method using PHASER-EP [39] , and a molecular model of CreD was automatically constructed using PHENIX.AUTOBUILD [39] . The crystal structure was refined using PHENIX.REFINE [39] with diffraction data at 2.18 A resolution, which was collected at BL41XU (SPring-8, Hyogo, Japan) with a crystal obtained from the optimized crystallization conditions. Program COOT [40] was used for manual model building. The crystal structure of the CreDfumarate complex was determined at 2. 30 A resolution by the MR method using the determined crystal structure of CreD as a search model. The PHENIX program suite [39] was used for the crystallographic analysis.
Superposition of structures was performed using programs SSM [41] and LSQKAB [42] in the CCP4 suite [43] . All molecular graphics in this manuscript were prepared by PYMOL (Schr€ odinger, LLC, Cambridge, MD, USA).
Site-directed mutagenesis of CreD
The plasmids producing CreD mutants were constructed as follows. Primers were designed to bind adjacent to the mutation site and mutated nucleotides were fused to the 5 0 of the primers ( Table 2 ). The whole pColdI-creD DNA fragments with respective mutations were amplified by inverse PCR using these primers. The obtained DNA fragments were phosphorylated with T4 polynucleotide kinase (Takara Bio) and circularized with T4 DNA ligase (Takara Bio). The correct mutation was confirmed by DNA sequencing (Fasmac, Kanagawa, Japan). 
a An NdeI site is underlined. b A BamHI site is underlined.
